Bulk samples of the nominal composition of (Tl 0.6 Pb 0.5 )(Sr 0.8 Ba 0.2 ) 2 Ca 2 Cu 3 O 8+δ -xLaO 1.5 (x = 0 − 0.1) were prepared by using two-step process and their microstructure, T c values, and magnetization were studied. The samples consist of the Tl-1223 dominant phase with small Tl-1212 admixture, which increases with a rise of La content. Five years ageing and following oxygen annealing at 450°C and subsequently at 750°C have only a modest effect on T c values of the studied samples. Low-level La doping (x = 0.04) leads to an increase of T c values by about 2 K in comparison with undoped samples. Oxygen annealing at 750°C results in an increase in the volume magnetization hysteresis in low applied magnetic fields and rise of critical current density at zero magnetic field and 77 K. This effect is most pronounced for the low La doped sample with x = 0.04. Changes of the induced voltage, U originating in the Meissner effect and of its harmonics in dependence on temperature were measured and used for characterization of the temperature distribution of inter-grain junctions.
Introduction
An intensive research of high-temperature superconductors for their applications at liquid nitrogen temperatures was predominately aimed up to now to RE-Ba-Cu-O and Bi-Sr-Ca-Cu-O compounds rather than to Tl or Hg based superconductors, though the last type of superconductors * E-mail: plesch@fns.uniba.sk shows higher values of critical temperature, T c . Among the Tl-based superconductors, Tl-1223 phase is the most promising one. For this phase, values of the critical temperature T c 130 K were reported [1] . Its crystal structure shows lower anisotropy than other Bi-and Tl-based phases. The presence of only a single Tl-O insulating (charge-reservoir) layer leads to a better coupling between the Cu-O 2 layers, therefore the irreversibility line is highly positioned, the critical currents are less temperature and magnetic field dependent and the magnetic flux pinning ability is high [1] [2] [3] . However, the preparation of pure mono-phase compounds is quite difficult. Their synthesis may be facilitated by doping of some elements into different sites of their structure. It is known that partial substitutions of Tl and Ba by Pb and Sr, respectively, stabilize the Tl-1223 type of the structure and improve the superconducting properties, such as J c values. It is important to stress that contrary to the non-substituted Tl-1223, the reaction pathway of the substituted (Tl,Pb)-1223 phases does not contain double Tl-O layers as (Tl-2223) but (Tl,Pb)-1212 phase with a single Tl-O layer [4, 5] .
It is known that the above substitutions in Tl superconductors affect the hole concentration in dependence on their valence and oxidation number. Based on experimental results, the possibility of mixed valence cations such as Tl +1 and Tl 3+ in the system was suggested [6] . Thereto, also other partial substitutions such as Tl for Ca or Ca for Sr and a strong effect of processing temperature have to be considered [7] . All these facts result in a rather complex behaviour of the above compounds, however, some prevailing tendencies can be recognized. Neutron diffraction studies have shown that oxygen nonstoichiometry appears only on oxygen sites in charge reservoir layers of Tl-1223 phases [6, 8] . The isovalent substitution of Ba for Sr increases the charge transfer from the charge reservoir layers to the Cu-O 2 planes and so hole concentration of the Cu-O 2 planes can be changed.
The oxygen content in copper-oxygen superconductors is a key factor determining their superconducting properties. In addition, not only the oxygen content but also oxygen ordering in the structure is highly significant. Therefore, samples with the same oxygen content and thermal history but with different oxygen arrangements in Cu-O chains may have different values of T c [9, 10] . It has been found that the local oxygen redistribution, induced either by low-temperature post-annealing, or even by room temperature ageing, can modify both superconducting and normal state properties [11] . K.G. Vandervoort et al. [12] examined effects of the oxygen ordering in YBa 2 Cu 3 O 7−δ single crystals. They reported an increase in the Meissner fraction with the oxygen ordering originating from heating the samples at 38°C for 8 h only. It seems that the apical oxygen ordering has a distinct effect on T c . During the last years, Q.Q. Liu, H. Yang and et al. [13, 14] observed superconductivity at 95 K in the Sr 2 CuO 3+δ system. They suggested that the reordering of apical oxygen by low-temperature post-annealing had a substantial effect on high values of T c .
Gritzner et al. [15] 2 Cu 3 O 8+δ (0 < x < 0.1) system were studied in [16] . Based on XRD results, dominant content of the (Tl,Pb)-1223 phase was found in all samples. The oxygen post-annealing improved the critical current densities [17] .
The aim of this paper was to study effects of long-term room-temperature ageing of (Tl 0.6 Pb 0.5 )(Sr 0.8 Ba 0.2 ) 2 Ca 2 Cu 3 O 8+δ -xLaO 1.5 (x = 0.00, 0.04, 0.07, 0.1) superconductors. An influence of following low-and high-temperature oxygen post annealing on their electrical and magnetic properties was investigated.
Experimental
Bulk polycrystalline samples were prepared in a two-step process similarly as in [17] , where the Sr 1.6 Ba 0.4 Ca 2 Cu 3 O 7.4 precursor was synthesized in a sol-gel process. A mixture of CaCO 3 , SrCO 3 , Ba-acetate, and copper-acetate monohydrate in the molar ratio of 2:1.6:0.4:3 was dissolved in diluted acetic acid and a proper amount of tartaric acid was added. The hot liquid was evaporated in vacuum and annealed at 900°C for 30 h. Then, the powder precursors, PbO, Tl 2 O 3 and La 2 O 3 were added and homogenized to obtain nominal compositions (Tl 0.6 Pb 0.5 )(Sr 0.8 Ba 0.2 ) 2 Ca 2 Cu 3 O 8+δ -xLaO 1.5 , where x = 0.00, 0.04, 0.07, 0.1. Pressed pellets were wrapped in a silver foil and sintered at 925°C for 12 min and 910°C for 10 h in flowing oxygen, followed by furnace cooling to room temperature.
The as sintered samples were repeatedly measured during more than five years. In the periods between measurements, they were stored in air at room temperatures. After ageing, some samples were firstly post-annealed in flowing oxygen at 450°C for 50 h. Subsequently, they were annealed at 750°C for 50 h in the same atmosphere.
The samples were examined by XRD (Rigaku powder diffractometer), scanning electron microscopy and EDX microanalysis (JEOL JXA-840A device) and optical polarization microscopy. Critical temperature T c (R = 0) of the samples was determined by the standard transport dc four-point method using the current direction alternation technique. The transition width, ∆T c , was charac-terized by using the 10-90% criterion. AC volume magnetization, M, characteristics were measured by the compensation method using second-order SQUID gradiometer [18] . Magnetization characteristics were measured in the field ranging from 10 −1 to 10 5 Am −1 at 77 K after zerofield cooling at the frequency of 0.1 Hz. We have paid particular attention to potential effects and time stability of the experimental set-up for the measurement of M vs. H dependencies. With each measurement of M vs. H dependencies of the studied samples, properties of the measurement apparatus were checked. We used a calibration current coil with sample-like sizes, which was placed to the position of the sample measured to calibrate the transfer function of the experimental set-up. The temperature dependences of the induced voltage, U, were measured by the mutual inductance technique at the drive frequency of 1008 Hz using the Meissner-Ochsenfeld effect [19] . Besides this, the harmonic analysis of U was performed by the Brüel & Kjaer signal analyzer using its autospectrum function. So, for every temperature value using the Brüel & Kjaer signal analyzer, autospectrum was measured and the RMS value of the third harmonic of induced voltage, U 3 , was obtained. The mean value of temperature changes during the autospectrum measurement was determined and taken as x-coordinate corresponding to the given value of U 3 . So, the measured 3 rd harmonic voltage of the secondary coil, U 3 , corresponds to the modulus of the third harmonic of ac susceptibility. 
Results and discussion

Microstructure of (Tl,Pb)-xLa superconductors
The X-ray diffraction patterns of the as sintered samples with the nominal composition of (Tl 0.6 Pb 0.5 )(Sr 0.8 Ba 0.2 ) 2 Ca 2 Cu 3 O 8+δ -xLaO 1.5 , further designed as (Tl,Pb)-xLa, are shown in Fig. 1 . Main diffractions of all samples can be ascribed to the (Tl,Pb)-1223 and (Tl,Pb)-1212 phases. The increasing La content results in a rise in the amount of (Tl,Pb)-1212 phase from the estimated volume fraction of ∼2% for x = 0 to ∼13% for x = 0.1 and a corresponding decrease in the (Tl,Pb)-1223 from 93% to about 82%. The volume fraction of the BaPbO 3 (3), (Sr,Ca)CuO 2 (4), (Sr,Ca)CuO 3 (5) and (Sr,Ca)PbO 4 (6) secondary phases was estimated to be lower than ∼5% in total. Fig. 2 shows a typical back scattered electrons micrograph and micrograph in crossed polarized light of the sample containing the highest La-content -(Tl,Pb)-0.1La. EDX microanalysis in scanned areas designated by 1-4 rectangles in Fig. 2 was performed. The obtained results allow to conclude that (Tl,Pb)-1223 phase is present in areas 1 and 2. The (Tl,Pb)-1212 phase was identified predominantly in areas 3 and 4. The La content in (Tl,Pb)-1212 was about three times higher than in (Tl,Pb)-1223.
The microanalysis results indicate that La partially substitutes Ca in both (Tl,Pb)-1223 and (Tl,Pb)-1212 phases, however, it prefers substitution into (Tl,Pb)-1212. In most of the samples, we observed longitudinal Tl-1223 phase grains with sizes below 100 µm, which were irregularly oriented. The higher La doping slightly increases the disintegration of the continuous superconducting matrix and a greater number of grain cracks is formed. For samples with higher La content, we observed the formation of a few local areas with more dense agglomeration of small grains (Fig. 2 left -rectangles Nos. 3, 4), hereinafter referred to as "associates". The microstructure of an "associate" consisting of small grains can be well recognized by microscopy in polarized light (Fig. 2 right) . The size and number of the associates increases with the increasing level of La doping. In order to answer the question about the optimum value of the carriers concentration or the ordering-disordering effects, we firstly annealed the samples in flowing oxygen at 450°C and subsequently at 750°C. The resistance R vs. T dependences of samples after five-year room temperature ageing and after subsequent oxygen post annealing at 750°C are shown in Fig. 3 . The observed linear temperature dependence of the normal state resistance at temperatures above T c and its slight deviations from the linearity near the transition into the superconducting state allows to assume a nearly optimally doped state for all samples. The observed changes of the normal state resistance can be well explained by increasing the oxygen content and/or site redistribution especially in (Tl,Pb)-layers [14, 20] . For example, the increase of the normal state resistance of the sample oxygen with x = 0.0, which was post-annealed at 750°C could result from disordering atom sites, associated with oxidation of the Tl 1+ to the Tl 3+ [20] . With respect to the La doping role, we assume that the partial substitution of La 3+ for Ca 2+ results in the filling of oxygen vacant sites in Ca/Tl-O and/or in the Tl-O layers as suggested in Ref. [21] . Thereby, the La addition multiplies the oxidation change of Tl 1+ to the Tl 3+ originating in the oxygen annealing. It can be assumed that the weak improvement of T c of Ladoped samples in comparison to the sample without La is caused by higher overall oxygen content of La-doped samples as discussed before. This is in accordance with the observed results of the rare earth substitutions in the Ca position in Tl-1223 superconductors [22] .
Electrical resistance
Magnetic properties
AC magnetization (M) vs. applied magnetic field, (H a ), loops at the maximum amplitude of the applied field of as sintered samples with and without La are compared in Fig. 4 . Magnetization loops of samples do not show the "Z-form", which is typical for polycrystalline superconductors and which results from the presence of weak inter-granular junctions. This can be explained by the fact that effective bulk pinning and higher strength of intergrain junctions and/or relatively continuous changes of the mean size of inter-grain shielding current paths with increasing magnetizing field play a dominant role. Significant shape differences of magnetization loops of La doped samples opposite to La free sample can be seen in the area of a zero field. From the height of the first magnetization peak of M vs. H a curves near zero values of H a , it can be inferred that La improves inter-grain critical current density and/or intragrain pinning of all doped samples in this field range at The (Tl,Pb)-0.04La sample shows the best magnetization hysteresis and thus highest value of J c (77 K, 0 Am −1 ) for all treatments. It has been reported recently [22] that the substitution of rare-earths into the Ca site in Tl-based superconductors improves superconducting properties for low substitution level and deteriorates the superconductivity for higher substitution levels. The decreasing of the slope of the curves at x 0.07 (Fig. 4) indicates some deterioration of the volume superconducting properties with increasing La content, e.g., decrease of the size of shielding current loops of grain cluster at higher field, H a . This deterioration may be explained by the disintegrating Laeffect, which causes a decrease of the mean size of grains, and mainly by the growing amount of the (Tl,Pb)-1212 phase. A detailed comparison of magnetization hysteresis curves of the (Tl,Pb)-0La and the (Tl,Pb)-0.1La as sintered sam-ples as well as of these samples after five-year roomtemperature ageing is shown in Fig. 5 . It is obvious that five-year ageing results in a significant impact on the shape of magnetization hysteresis curves of all samples. The amplitude of the applied field, H 1−p a , which corresponds to the maximum value of the first magnetization peak near zero-field, significantly decreased for all samples by ageing. In addition, the amplitude of the applied field (H 2−p a ) corresponding to the second (high-field) magnetization peak (the maximum) moves towards lower field values. This, together with the change of the slope of magnetization curves, indicates some degradation of the magnetic field dependence of the critical current density for high field values. Overall effects of the long-time ageing, following lowtemperature and high-temperature oxygen annealing on magnetization loops are compared in Fig. 6 for the samples with x = 0, 0.04 and 0.1. As it can be seen, post oxygen annealing at 450°C has a moderate effect on magnetization curves. More significant changes can be observed after annealing at 750°C. When the oxygen annealing temperature increases to 750°C it can be assumed that the filling of oxygen vacant sites in the Tl-O layers increases. This is accompanied by a change of oxidation state from Tl 1+ to Tl 3+ . An increase of the content of Tl 3+ after the high temperature annealing produces probably significant atomic displacements in (Tl,Pb) and neighbouring layers resulting in an increase of disordering and thereby more effective magnetic flux pinning, which is demonstrated by an increased magnetization loop hysteresis and higher J c values (Tab. 2).
In the high magnetic field range, the five-year room temperature ageing leads to changes of the slope of magnetization loops, which indicate some degradation of the dependence of the critical current density on the magnetic field. It is remarkable that contrary to the behaviour in the low field, for which the J c values in Table 2 are representative, this degradation in the high field cannot be "repaired" by following post oxygen annealing at 450°C and subsequently at 750°C. Generally, it is accepted that oxygen annealing improves superconducting properties of (Tl,Pb)-1223 superconductors [17] . This is in accordance with our results; however, only for low magnetic fields It evokes the question, whether oxygen annealing is also effective for the treatment of TlPb-superconductors for high field applications.
Beside magnetization measurements, useful information about the internal structure and homogeneity of superconductors can be deduced from temperature or applied magnetic field dependences of ac magnetic susceptibility [23] or harmonic components of induced voltage. In this case, the models of a superconductor represented by grains and its coupling matrix are useful. More models of a coupling matrix were proposed [24] . In these models, the inter-grain links of matrix are mostly characterized as Josephson junctions. From the temperature dependence of the 3 rd harmonic of the induced voltage, properties of the inter-grain junctions can be inferred [25, 26] . Moreover, we believe that the temperature distribution of inter-grain junctions can be inferred from the corresponding peak width of temperature dependence of U 3 . This corresponds to the idea of the existence of a broad spectrum of strengths of Josephson junctions between grains [23, [27] [28] [29] . The temperature dependences of U 3 vs. T for the (Tl,Pb)-xLa samples after five-year ageing and subsequent measurements before and after annealing at 450°C and followed by annealing at 750°C are shown in Fig. 7a, 7b , and 7c, respectively. The positive effect of La-doping (x = 0.04−0.07) on a displacement of peak of U 3 vs. T de-pendencies and corresponding peak temperature, T p , and reduction temperature interval of distribution of U 3 values can be seen, Fig. 7a . If we apply the temperature interval of ∆T p corresponding to a decrease of U 3 to the half value, as a characteristic related to the temperature distribution of currents of inter-grain junctions, we can state that the sample with x = 0.04 shows the best temperature distribution current of inter-grain links before and after both annealing procedures. After annealing at 450°C, the sample with x = 0 has about 12-times broader ∆T p and the value of T p more than 5 K lower than the sample with x = 0.04. The following oxygen annealing at 750°C has a significant positive effect on the sample with x = 0. Its T p increases from ∼111 K to ∼114 K. However, the oxygen annealing at 750°C results in the formation of two overlapping peaks for the sample, x = 0.04, and partially also for the sample with x = 0.07 (Fig. 7c) . We ascribe it to a deterioration of a grain magnetic penetration field, resulting from a decrease of the density of mobile carriers in CuO 2 planes, while taking into account, for instance, papers of N.A. Khan et al. [10] and J.H. Lee et al. [23] . It is noteworthy that a single peak of U 3 vs. T dependence of the sample with x = 0.04 was observed if the amplitude of ac driving current is decreased to a quarter.
In addition, all measured U 3 vs. T dependences (their low temperature tail) confirm a good homogeneity of all samples, mainly of the one with the La-content of x = 0.04. These results together with R vs. T dependences correspond well with magnetization measurements in the area of the central peak (Tab. 2) and they together confirm a positive effect of the low-level La-doping as well as of the post oxygen annealing of samples without La and with La content of x = 0.04 on the distribution and strength of inter-grain junctions.
Finally, in Fig. 8 , results of the R vs. T and corresponding U 3 vs. T dependences measured simultaneously in one thermal cycle of the (Tl,Pb)-0.1La sample after oxygen annealing at 450°C in flowing oxygen, are compared. It is obvious that the induced voltage U 3 − T characteristic provides more detailed information about the transition into superconducting state than the R − T dependence. This can be explained by the fact that U 3 corresponds more to the integral (volume) and R rather to the surface characteristic of the measured sample.
Conclusions
Bulk samples of the nominal composition of (Tl 0.6 Pb 0.5 )(Sr 0.8 Ba 0.2 ) 2 Ca 2 Cu 3 O 8+δ -xLaO 1.5 (x = 0.00, 0.04, 0.07, 0.1) were prepared in two-step process and studied on a long-term basis. The (Tl,Pb)-1223 phase is predominant in all samples The amount of the (Tl,Pb)-1212 impurity phase increases with a rise of the La content. The La doping in all cases improves the T c values and inter-grain J c values, namely for the La content of x = 0.04. The rising amount of La which was introduced into the Tl-1223 system, leads on one hand, to an increase of the pinning efficiency by disordering effects at lower applied field and 77 K and on the other hand to an increase of the content of Tl-1212 phase and thereby to a decrease of superconducting properties. In the samples under investigation, the La doping level of x = 0.04 represents an optimum doping level within these opposite trends.
The subsequent high temperature oxygen annealing at 750°C increases the T c values up to the range of 116-118 K and even after five years ageing it significantly improves the inter-grain critical current density of all samples in the low field at 77 K. In case of the TlPb-1223 superconductor with a low content of La (x = 0.04), the value of the inter-granular current density at 77 K and zero field, J c (77 K, 0 Am −1 ) of 1800 Acm −2 was obtained. It is a rather high value for polycrystalline bulk material. The significant increase in J c after high-temperature post-oxygen annealing can be ascribed to a change in the oxygen content, the oxygen atom reordering, and related cation displacements, especially connected with Tl +1 on Tl +3 valence changes. On the other hand, it seems that some deterioration of superconducting properties in high magnetic fields, which occurs after ageing, cannot be removed by subsequent oxygen annealing.
